Introduction
Rho family GTPases are intracellular signal transducers involved in the regulation of cell proliferation, gene induction, survival, actin cytoskeleton and motility (Van Aelst and D'Souza-Schorey, 1997; Etienne-Manneville and Hall, 2002) . Many mitogenic signals, including those from growth factor receptors and integrins, can activate the Rho family members Rac1, RhoA and Cdc42 by promoting the exchange of bound GDP for GTP (Zheng, 2001) , resulting in an active conformation to interact with an array of effector targets to elicit specific cellular effects (Zohn et al., 1998; Bishop and Hall, 2000) . A wealth of evidence has implicated Rho GTPases in many aspects of tumor development (Aznar and Lacal, 2001; Boettner and Van Aelst, 2002) . In addition to the recognized roles in mediating cell growth transformation by many oncogene products (Zohn et al., 1998; Bar-Sagi and Hall, 2000) , RhoA, Rac1 and Cdc42 are intimately associated with morphological transformation of tumor cells and have been linked directly to tumor cell migration and invasion through their ability to regulate actin cytoskeleton, cell-extracellular matrix adhesion and cell-cell interaction (Kaibuchi et al., 1999; Schwartz and Shattil, 2000; Ridley, 2001 ).
The p53 cell cycle inhibitor and its regulators, including p19 ARF , are well established tumor suppressors that are components of a complex signaling network critical to tumor suppression (Sherr, 2001; Hahn and Weinberg, 2002) . Deletion or mutation in p53 or its regulators occurs in many tumor cases and correlates with the onset of a wide spectrum of cancers. p53 is a key transcription factor essential for the response to cellular stress from DNA damage, hypoxia and oncogene activation, and when activated, can trigger cell cycle arrest or apoptosis (Levine, 1997) , whereas p19 ARF may serve as a sensor to oncogenic insult to stabilize p53 by sequestering Mdm2, a negative regulator of p53 activity (Sherr, 2001 ). The p19 ARF -p53 tumor suppressor pathway therefore has been thought to be primarily involved in monitoring proliferation signals to prevent cells from uncontrolled growth. Indeed, excess of mitogenic signals that activate Ras or Rho GTPase pathways can cooperate with p19 ARF or p53 deficiency to promote growth transformation (Kamijo et al., 1997; Serrano et al., 1997; Guo and Zheng, 2004) . On the other hand, accumulating evidence also suggests a functional linkage between p53 and cell morphological regulation and motility modulation. For example, p53 has been shown to regulate the transcription of a number of genes involved in cell morphology and/or movement, including that of smooth muscle a-actin (Comer et al., 1998) , collagens IIa1 and VIa1 (Sun et al., 1999) , VEGF (Mukhopadhyay et al., 1995) , metalloproteinase-1 (Zhao et al., 2000) and fibronectin (Iotsova and Stehelin, 1996) . Overexpression of p53 seemed to cause a partial reversion of Ras-induced morphological transformation (Gloushankova et al., 1997) and to inhibit cell migration (Alexandrova et al., 2000) , and the spontaneous tumors produced by p53 gene targeting are often highly invasive (Schmitt et al., 2002) . A recent study also suggests that p53 may have a role in Cdc42-mediated filopodia formation and cell polarization (Gadea et al., 2002) and we have shown that the p19
Arf -p53 pathway negatively modulates PI3 kinase and Rac1 GTPase activities and regulates actin cytoskeleton and cell migration through the PI3 kinase-Rho GTPase signaling module (Guo et al., 2003a; Guo and Zheng, 2004) .
Here, we provide further evidence that the p53 tumor suppressor pathway is functionally connected to the Rho GTPase pathways in regulating the cell-extracellular matrix and cell-cell adhesions and the invasion properties. By using primary mouse embryonic fibroblasts deficient in p19Arf or p53, we show that RhoA, Rac1 and Cdc42 contribute to the p19
Arf -and p53-mediated focal adhesion regulation and that hyperactive Rho proteins, but not Ras, promote an invasive phenotype of p53 À/À cells. We have also mapped the downstream pathways regulated by RhoA, ROCK and extracellular proteases, among others, as important mediators of the invasion phenotype of p53 À/À cells. Our results support the hypothesis that malfunction of the same set of gene products can confer proliferative selection advantage as well as empower cell invasion and identify the Rho GTPases as a key set of cellular signal transducers mediating both processes.
Results
We have previously shown that deletion of p19Arf or p53 tumor suppressor gene resulted in actin cytoskeleton rearrangement and a significant increase in cell migration rate, a phenotype that requires Rho GTPase activities (Guo et al., 2003a; Guo and Zheng, 2004) . Since focal adhesion complex and extracellular components such as fibronectin may play important roles in cell migration and they are intimately associated with Rho GTPase activities (Schwartz and Shattil, 2000; Ridley, 2001) , we examined the effect of p19Arf or p53 deletion on the focal complex formation and fibronectin production and the possible involvement of Rho GTPases in these processes. Removal of p19Arf or p53 led to a drastic increase in the number of focal contact as revealed by antivinculin immunostaining, and the focal adhesion plaques appeared to be more widely distributed throughout the cell body in p19Arf À/À and p53
À/À cells compared with those found typically at the edges of wild type mouse embryo fibroblast (MEFs) (Figure 1a ). This effect was reversible by reconstitution of p19Arf or p53 into the mutant cells ( Figure 1a) . Concomitantly, fibronectin production in p19Arf À/À and p53 À/À cells was increased significantly compared with wild-type MEFs, and this effect was also reversible by p19Arf or p53 reintroduction (Figure 1b) . These results indicate that p19
Arf and p53 regulate cell focal adhesion and extracellular matrix composition. Dominant-negative mutants of the Rho GTPases, Rac1N17, RhoAN19 and Cdc42N17, could reduce the number of focal adhesion plaques of the p19Arf À/À and p53 À/À cells and change their distribution to a pattern of more sparse contacts at the cell edges to different extents (Figure 2 ). Each Rho protein mutant appeared to induce a distinct focal contact pattern in the cells with RhoAN19 and Rac1N17 showing relatively minor effects on the p19Arf À/À and p53 À/À cells, respectively, reflecting the unique contribution of each to the modulation of cell adhesion complex formation in p19Arf À/À and p53 À/À cells. As among the three Rho GTPases only dominantnegative Rac1 had a significant impact on the migration rate (Guo et al., 2003a) , these results further suggest that focal adhesion is not required for cell migration. Consistent with the previous report that p53 can directly regulate fibronectin gene transcription (Iotsova and Stehelin, 1996) , the dominant-negative Rho proteins had no significant effect on fibronectin production of the p19Arf À/À and p53 À/À cells (Figure 2c ; data not shown), suggesting that Rac1, RhoA and Cdc42 are not involved in the regulation of fibronectin production by p19 Arf and p53.
Despite the regulatory effect of p19Arf or p53 deletion on extracellular matrix composition (e.g. increased fibronectin), the addition of recombinant fibronectin and/or conditional culture medium derived from the p19Arf À/À or p53 À/À cells to wild-type MEFs was insufficient to promote cell migration (data not shown), suggesting that even if the upregulation of fibronectin and other extracellular components by p19Arf and p53 defects might play a role in the cell movement, they are not sufficient to account for the migration phenotype of these cells. Indeed, we have shown previously that the modulation of intracellular pathways by the tumor suppressor deletion, including upregulation of PI3 kinase and Rac1 activities (Guo et al., 2003a; Guo and Zheng, 2004) , is required for the migration phenotype. Next, we investigated whether further elevation of Rho GTPase activities in p19Arf À/À or p53 À/À cells might modulate the migration phenotype and alter their invasive capability. To this end, we have examined the p19Arf À/À and p53 À/À cells expressing the Rac1L28, RhoAL30 or Cdc42L28 fast cycling mutant, which possesses increased intrinsic rate of GDP/GTP exchange mimicking mitogenic stimulation (Lin et al., 1999) , for the migration, cell-cell adhesion and invasion properties. Despite their growth-and transformation-promoting abilities in these cells, the Rac1, RhoA and Cdc42 mutants could not further enhance the migration rate of p19Arf À/À or p53 À/À cells under the experimental conditions ( Figure 3a ; data not shown). Interestingly, each of the active RhoA, Rac1 and Cdc42 mutants could cause a significant suppression of cell-cell adhesion of p53-deficient cells in a cell aggregation assay ( Figure 3b ). These results suggest that the enhancement of the Rho protein activities caused by p19Arf or p53 deletion (Guo et al., 2003a ) is sufficient to prime the cells for the optimal migration rate, but further elevation of the GTPase activities may modulate both cell-extracellular matrix adhesion and cell-cell adhesion. Deletion of p53 alone or introduction of the active Rho GTPase mutants to the wild-type MEFs was insufficient to induce cell invasion, but introduction of the fast cycling Rho GTPase mutants to the p53 À/À cells effectively promoted an invasion phenotype ( Figure 4 ). The active RhoA mutant, RhoAL30, in particular, appeared to be 2-3-fold more potent than that of Rac1 or Cdc42 in promoting the invasion phenotype when expressed at a similar level as Rac1 or Cdc42 (Figure 4) . Interestingly, although the expression of the fast cycling RhoA, Rac1 or Cdc42 mutant could promote transformation of p19Arf À/À cells (Guo and Zheng, 2004) , they were unable to induce invasion in these cells. Moreover, oncogenic Ras was ineffective in promoting cell invasion under the conditions at which the active Rho protein mutants were effective despite its potent transforming activity in these cells (Figure 4 ; data not shown). These results suggest that Ras-independent mitogenic activation of Rho GTPases and p53 deletion may cooperatively promote cell invasion, and that the malfunction of the same set of gene products, Rho GTPases, can confer both proliferative selection advantage and invasive power in a primary cell setting.
To examine the contribution to the invasion phenotype by signaling pathways regulated by Rho GTPases, we next focused on the effector pathways of RhoA, since the fast cycling mutant of RhoA, RhoAL30, appeared to be the most potent of all three Rho GTPase mutants in promoting p53 À/À cell invasion ( Figure 4 ). As ROCK, one of the major RhoA effectors, was found to be Arf and p53 modulate focal adhesion complex and fibronectin production. The effects of deletion of p19Arf or p53 on focal adhesion complex (a) and fibronectin production (b) of primary MEF cells were examined by immunofluorescence or Western analysis. A total of 2 Â 10 4 of wild-type (WT) or knockout/reconstituted MEF cells were cultured overnight on coverglass. Subconfluent cells were starved in a medium containing 0.5% serum for 12 h. After fixation in 3.7% formaldehyde, cells were permeabilized with 0.1% Triton X-100 and stained for vinculin by a monoclonal anti-vinculin antibody (a) or for fibronectin with an anti-fibronectin antibody (b). The anti-fibronectin blots were revealed by enhanced chemiluminescence of secondary antibody Cooperativity of Rho GTPases and p53 defect in invasion F Guo and Y Zheng significantly upregulated in the mRNA level in the RhoA-transduced p53 À/À cells in a gene array assay (our unpublished observation) and has been associated with cell invasion (Sahai and Marshall, 2003) , we examined if it is involved in the invasion phenotype of p53 À/À cells that express RhoAL30. Inhibition of ROCK activity by the inhibitor Y-27632 partially reduced the invasive potential of RhoAL30-expressing p53 À/À cells, whereas overexpression of ROCKI in p53 À/À cells was able to stimulate invasion albeit to a less extent than RhoAL30 (Figure 5a ). These results suggest that the ROCK pathway is necessary for RhoA to fully cooperate with p53 deficiency to promote invasion. To confirm the contribution of ROCK to RhoA-mediated invasion and to assess the involvement of additional effector pathways downstream of RhoA, we further tested a set of effector-domain mutants of RhoA for their ability to induce invasion of p53 À/À primary MEFs. As previously Figure 2 Effect of dominant-negative Rho GTPases on p19 Arf -and p53-mediated focal adhesion production. The (HA) 3 -tagged, dominant-negative mutants of Rac1, RhoA or Cdc42 were introduced into p19Arf À/À or p53 À/À MEFs by retroviral induction. The expression of the Rho proteins were detected by anti-HA Western blotting (a). The MEFs were stained with anti-vinculin antibody to reveal the focal adhesion plaques (b). Fibronectin production was detected by anti-fibronectin immunostaining (c) characterized in vitro (Fujisawa et al., 1998; Sahai et al., 1998) and depicted in Figure 5b , RhoA-F39V is defective in PKN binding but retains ROCK binding, RhoA-E40L is defective for ROCK recognition, RhoA-E40T retains ROCK and PKN binding but is defective in Kinectin and mDia binding, and RhoA-Y42C is selectively defective in PKN binding. Consistent with the partial loss of invasion activity in the case of ROCK inhibitor-treated cells, RhoAL30-E40L that is defective in ROCK binding suffered partial loss of invasion activity (Figure 5c ). The p53 À/À cells expressing the RhoA mutants that have lost PKN-binding ability (RhoA-F39V and RhoA-Y42C) and the RhoA mutant that retains ROCK and PKN binding but is defective for Kinectin and mDia, and possibly also other effector pathways (RhoAL63-E40T) also partially lost invasion capability (Figure 5c ), suggesting that PKN and other effectors may also contribute to the invasiveness. These RhoA mutants are biologically active since they either retained transforming activity in p53 À/À MEFs (Guo and Zheng, 2004) or actin stress fiber-inducing ability in NIH 3T3 cells (Sahai et al., 1998) . Therefore, the RhoA-ROCK pathway is critical for the RhoA-induced invasion of primary p53 À/À MEFs, corroborating with the previous findings in human cancer cells (Sahai and Marshall, 2003) . Moreover, additional effector pathways other than ROCK emanated from active RhoA, Cooperativity of Rho GTPases and p53 defect in invasion F Guo and Y Zheng including PKN, also appear to be involved in the RhoAmediated invasion of p53 À/À cells. These results provide clues on the contribution of RhoA-regulated signaling network to the invasion phenotype of a primary cell system.
It has been suggested recently that extracellular proteases, including matrix metalloproteases, are involved in the Rho GTPase-mediated tumor cell motility and invasion (Sahai and Marshall, 2003) . Inhibition of proteolysis appeared to work synergistically with ROCK inhibition to reduce certain types of tumor cell invasion but not others (Sahai and Marshall, 2003) . To determine if extracellular proteases are involved in RhoA-induced invasion of cells of the p53 À/À genetic background, we assayed the invasive activity of RhoAL30-expressing p53 À/À MEFs in the presence or absence of individual protease inhibitor (PI) (GM6001, aprotinin, leupeptin, bestatin, E64 or pepstatin), or a PI cocktail that contained all of them with or without the ROCK inhibitor, Y27632. As shown in Figure 6 , while each component of the PI had no or marginal effect on the RhoAL30-promoted invasion of p53 À/À MEFs, PI was able to inhibit the invasive activity of the cells by B50%. Application of a combined dose of PI with Y27632 yielded a similar degree of inhibition as administrating PI alone, suggesting that pericellular proteolysis is partly regulated by the ROCK pathway and is required for the invasive activity. These results further implicate extracellular proteases released by the active RhoA mutant-transduced cells as important effectors for the invasion phenotype of p53 À/À cells.
Discussion
In the previous studies, by genetic disruption of the tumor suppressor genes, we have shown that p19 ARF and p53 have a profound effect on cell actin cytoskeleton and motility (Guo et al., 2003a) . We found that the actins of the p19Arf À/À and p53 À/À cells were rearranged to an intense cortical structure due to significantly elevated level of endogenous PI3 kinase and Rho GTPase activities, and both PI3 kinase and Rac1 were required for the p19
Arf -and p53-regulated migration (Guo et al., 2003a; Guo and Zheng, 2004) . We have also shown that Rho family GTPases Rac1, RhoA and Cdc42 contribute to the p19
Arf -and p53-regulated gene transcription and cell growth, and that activation of these Rho GTPases can cooperate with p19Arf or p53 defect to promote hyperproliferation and transformation (Guo and Zheng, 2004) . In the present studies, we have further determined the relationship between Rho 
MEF invasion. The p53
À/À cells transduced with RhoAL30 were assayed for their invasive activities in the Matrigel matrix in the presence or absence of the individual PI or a PI cocktail (20 mM GM6001, 1.2 mM aprotinin, 14.5 mM leupeptin, 64.5 mM bestatin, 22.5 mM E64 and/or 14.5 mM pepstatin), the ROCK inhibitor Y27632 (20 mM) or the combination of Y27632 and PI
Cooperativity of Rho GTPases and p53 defect in invasion F Guo and Y Zheng
GTPase pathways and the p19 Arf -p53 tumor suppressor pathway in cell-extracellular matrix and cell-cell adhesion and fibronectin production that are likely related to cell migration or invasion. Consistent with a previous report of a fibroblast cell line (Alexandrova et al., 2000) , we found that p19
Arf and p53 regulated cell focal adhesion and extracellular matrix composition in primary MEFs (Figure 1) . Moreover, we showed that Rac1, RhoA and Cdc42 contributed to the modulation of cell adhesion complex in p19Arf À/À and p53 À/À cells (Figure 2) . Although RhoA and Cdc42 are important contributors to focal adhesion, they are not required for cell migration, consistent with the results of a previous study in a fibroblast cell line (Nobes and Hall, 1999) . The implication is that defect in p19Arf or p53 might stimulate the primary cell movement through the upregulation of fibronectin and/or other extracellular matrix components, but not through modulation of focal adhesion. Our results obtained using the genetically modified primary MEFs conceptually contradict a recent report (Sablina et al., 2003) , suggesting that p53 expression is involved in promoting rather than suppressing cell movement in a number of tumor cell lines. This might reflect the differences in the cell types or the methods used to downregulate/upregulate p53 expression.
Although either p53 deficiency or activation of members of the Rho family could cause an increase in cell motility (Alexandrova et al., 2000; Ridley, 2001; Guo et al., 2003a) , defect in the tumor suppressor pathway or elevation of Rho protein activity alone apparently was insufficient to induce invasion of primary MEFs. Rather, a combination of p53 deficiency and Rho GTPase hyperactivation enabled the cells to gain an invasive phenotype (Figure 4 ). This correlated with the observed decrease in cell-cell adhesion (Figure 3b ), which may also contribute to the invasion phenotype. It is therefore possible that mitogenic insults or oncogenic signals that activate Rho proteins independent of p53 network might work cooperatively with p53 deficiency to turn the migration advantage of the p53 À/À cells to an invasive capability (Figure 7) . Interestingly, the active mutants of RhoA, Rac1 and Cdc42 were unable to induce p19Arf À/À MEFs to become invasive, nor did oncogenic Ras in either p19Arf À/À or p53 À/À MEFs, despite heir ability to induce growth transformation of these cells (Kamijo et al., 1997; Guo and Zheng, 2004) . These results highlight a p19
Arfindependent function of p53 and suggest that unique or quantitatively different signals of the p19Arf À/À vs p53
À/À cells and of Rho GTPase vs Ras are involved in promoting the invasion phenotype. They also caution that increased migration and fibronectin production (e.g. p19Arf À/À MEFs) are not necessarily predictive of the cell invasive property in the context of Rho GTPase activation.
The conditional cultural medium from the p53 À/À cells expressing the active Rho GTPase mutants was insufficient to induce invasion of wild-type or p53 À/À MEFs (our unpublished observation). Thus, we expect that the abilities of individual Rho GTPases to regulate both intracellular and extracellular changes may combine to cooperate with the p53-regulated elements to promote invasion. To this end, we have investigated the involvement of RhoA-downstream effectors in the invasion phenotype of active RhoA by utilizing ROCKI and the ROCK inhibitor, Y27632, as well as a set of the effectordomain mutants of RhoA that impair or retain coupling with specific effectors in the invasion assays ( Figure 5) . Our results confirm an important role of the ROCK pathway in RhoA-mediated invasion of p53 À/À cells, meanwhile also implicate that multiple effectors are involved in permitting the optimal effect of RhoA. In addition, we found that pericellular proteolysis also play an important role in Rho-induced cell invasion ( Figure 6 ). It will be of particular interests to further investigate how RhoA-ROCK pathway might regulate the extracellular proteases and other extracellular matrix production and/or activation in contributing to the invasion in the future studies.
Our results present a seemingly paradoxical relationship between Rho GTPase-regulated pathways and the p53 tumor suppressor pathway. On the one hand, the basal activities of Rho GTPases, Rac1 in particular, elevated by defects in the p53 pathway, are required components of the p53-regulated cell migration and proliferation. On the other, mitogenic activation of Rho proteins can cooperate with p53 deficiency to promote cell invasion and transformation, suggesting that the events leading to Rho hyperactivation may serve as 'second hits' in tumor cell metastasis as well as in tumor induction. The observed cooperativities further indicate that components of the Rho protein pathways can deliver additional signals to the cells that suffer p53 pathway defects, enabling them to gain advantages in both movement and proliferation. It is worth noting that RhoC, a closely related Rho protein to RhoA, has been found to be associated with the invasion phenotype. Our current studies utilizing dominant-negative and fast cycling RhoA mutants cannot distinguish the contribution of RhoA from that of RhoC, which may also turn on the ROCK pathway. Given the increasing evidence of overexpression, hyperactivation or rearrangement of multiple Rho GTPases in human cancers including colon, breast, lung, myeloma and head and Figure 7 A model depicting a possible relationship between the p53 tumor suppressor pathway and Rho GTPase signaling module in the regulation of MEF cell invasion. In addition to malfunction in check point and apoptosis control, deficiency of p53 may alter actin cytoskeleton organization, focal adhesion property and extracellular matrix production that contribute to cell migration by upregulating Rho GTPases, Rac1 in particular. Mitogenic insults or oncogenic signals that cause hyperactivation of RhoA, Rac1 or Cdc42 can further modulate cell-matrix and cell-cell adhesions and extracellular matrix protein generation and cooperates with p53 deficiency to promote cell invasion neck squamous carcinomas (Suwa et al., 1998; Fritz et al., 1999; Clark et al., 2000; Mira et al., 2000; Preudhomme et al., 2000; Schnelzer et al., 2000) , it is an attractive proposal that individual Rho GTPase activity and the associated pathways might serve as prognosis markers or useful anticancer therapeutic targets (Sahai and Marshall, 2002) . Therefore, identifying the Rho protein and p53-regulated signals that cooperate to enhance changes in cell invasion and proliferation may have important implications in current cancer research. Moreover, in the debate of whether there exist invasion/ metastasis-specific genes (Bernards and Weinberg, 2002) , our results support the hypothesis that malfunction of the same set of gene products can confer proliferative selection advantage as well as empower cell invasion and identify the Rho GTPases as a key set of cellular signal transducers capable of mediating both processes.
In summary, in this study, we demonstrate that Rho family GTPases Rac1, RhoA and Cdc42 contribute to the p19
Arf -and p53-regulated focal complex formation, but not fibronectin production. Significantly, we show that active Rac1, RhoA and Cdc42 mutants can modulate cell-cell adhesion of the p53 À/À MEFs and cooperate with p53 deletion to promote cell invasion. Moreover, multiple pathways regulated by RhoA including RhoA-ROCK and extracellular proteases are required to synergize with p53 defect to manifest the invasion phenotype. These results help establish yet another important functional connection of Rho GTPases with the p53 pathway, defects of which occur in many human cancer cases.
Materials and methods

DNA constructs
The Rac1, RhoA and Cdc42 dominant-negative mutants (Rac1N17, RhoAN19 and Cdc42N17) and fast cycling mutants (Rac1L28, RhoAL30 and Cdc42L28) and RhoA effectordomain mutants in the fast cycling backbone (RhoAL30-V39, RhoAL30-L40, RhoAL30-T40 and RhoAL30-C42) were generated by site-directed mutagenesis based on oligonucleotidemediated polymerase chain reaction (Guo et al., 2003a; Guo and Zheng, 2004) . For retroviral expression, cDNAs encoding the dominant-negative and fast cycling forms of Rac1, RhoA and Cdc42, oncogenic H-Ras (RasV12), the effector-domain mutants of RhoA and ROCKI were ligated into the BamHI and EcoRI sites in frame with the nucleotides encoding (HA) 3 -tag at the 5 0 -end of the retroviral vector MIEG3 that expresses EGFP bicistronically. The construct expressing p19Arf or p53 were described previously (Zindy et al., 1998) .
Cell culture and retroviral induction
Primary wild-type, p53
À/À and p19Arf À/À MEFs were derived from mouse embryos as described before (Zindy et al., 1998 ; C57BL/6x129/sv background) and were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, 2 mM glutamine, 0.1 mM nonessential amino acids, 55 mM b-mercaptoethanol and 10 mg/ml gentamycin. Recombinant retroviruses were produced using the Phoenix cell packaging system (Liliental et al., 2000) . Low passage primary MEFs (less than passage 5) were infected with the respective retroviruses and harvested 48-72 h postinfection. The EGFP-positive cells were isolated by fluorescence-activated cell sorting.
Immunoblotting
Whole-cell lysates were prepared by extraction of the MEF cells by the lysis buffer containing 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM MgCl 2 , 1% Triton X-100, 0.2% sodium deoxycholate, 2 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/ml aprotinin and 0.5 mM dithiothreitol, for 30 min. Protein contents in the whole-cell lysates were normalized by the Bradford method. The lysates were separated by 10% SDS-polyacrylamide gel electrophoresis. The ectopic expression of the RhoA effector-binding defective mutants were probed by using an anti-HA antibody (Boehringer Mannheim).
Immunofluorescence and cell imaging
Primary MEFs were seeded onto coverslips at 3 Â 10 4 cells/slip density. The cells were serum starved for 12 h prior to fixation. The focal adhesion plaques were visualized by antivinculin (Upstate Biotechnology, Inc.) staining followed by rhodamineconjugated anti-mouse secondary antibody labeling and the fibronectin production was revealed by anti-fibronectin (Sigma) immunostaining or immunoblotting. Stained cells were analysed by using a conventional or a confocal fluorescence microscope (Zeiss).
Cell migration assay
The wound-healing assays to determine semiquantitatively the cell migration rates were performed following a scratch of the confluent monolayer of cells as described (Guo et al., 2003a; Guo and Zheng, 2004) . The migration distances of cells were monitored at various times and were measured 9 h after the introduction of the wound under low serum (0.5%) conditions.
Cell aggregation assay
Cell aggregation assays were performed as described previously (Guo et al., 2003a; Guo and Zheng, 2004) . Briefly, subconfluent cells were washed with PBS and detached with a HCMF buffer (150 mM NaCl, 0.6 mM Na 2 HPO 4 , 10mM glucose and 10 mM HEPES, pH 7.4) containing 0.02% Trypsin and 2 mM CaCl 2 . Single-cell suspensions were prepared, washed and resuspended in HCMF buffer containing 2 mM CaCl 2 at a concentration of 10 5 cells/ml. A measure of 300-ml aliquots of cell suspension were added to the wells of 24-well plates precoated with 1% BSA and incubated for different times at 371C with 80 r.p.m. agitation. Cell aggregation was measured using an inverted phase-contrast microscope by counting the number of cells in aggregates (three or more cells) in each field over a total of five randomly chosen fields, calculating the mean and standard error of these measurements and expressing the mean relative to the mean total number of cells per field as percent aggregation. Calciumdependent aggregation was calculated by subtracting values obtained from aggregation assays in the presence of EGTA (2 mM) from the values of the total number of aggregating cells.
Cell invasion assay
Cell invasion assays were performed using 6.4 mm Biocoat Matrigel invasion chambers with 8.0 mm pore size PET membrane (Becton-Dickinson) according to the manufacturer's instruction. Briefly, 2.5 Â 10 4 cells were suspended in 0.5 ml of the culture medium and added to the upper chamber. Fetal bovine serum (10%) (Sigma) in the culture medium was used as a chemoattractant in the lower chamber. The cells were incubated for 24 h in humidified incubator at 371C in 10% CO 2 . The cells that traversed the Matrigel matrix and the 8 mm membrane pores and spread to the lower surface of the membrane filters were stained with Giemsa stain (Sigma) and quantified by counting under a microscope.
